The Fungal Secretome KnowledgeBase (FunSecKB) provides a resource of secreted fungal proteins, i.e. secretomes, identified from all available fungal protein data in the NCBI RefSeq database. The secreted proteins were identified using a well evaluated computational protocol which includes SignalP, WolfPsort and Phobius for signal peptide or subcellular location prediction, TMHMM for identifying membrane proteins, and PS-Scan for identifying endoplasmic reticulum (ER) target proteins. The entries were mapped to the UniProt database and any annotations of subcellular locations that were either manually curated or computationally predicted were included in FunSecKB. Using a web-based user interface, the database is searchable, browsable and downloadable by using NCBI's RefSeq accession or gi number, UniProt accession number, keyword or by species. A BLAST utility was integrated to allow users to query the database by sequence similarity. A user submission tool was implemented to support community annotation of subcellular locations of fungal proteins. With the complete fungal data from RefSeq and associated web-based tools, FunSecKB will be a valuable resource for exploring the potential applications of fungal secreted proteins.
Introduction
Fungi play an important role in carbon cycling as they use secreted enzymes to break down lignocelluloses and other biopolymers then transporting the resulting products into the cells as their food. The secreted proteins in plant associated fungi play important roles in plant and fungi symbiosis or fungal pathogenicity (1) . Fungal secreted proteins also play important roles in the development of fungal diseases in human (2, 3) . Secreted fungal enzymes have found a wide range of applications in the food, feed, pulp and paper, bioethanol and textile industries (4) .
Signal-peptide dependent secreted proteins contain a signal peptide (SP) at the N-terminus that directs the ribosomes to the rough endoplasmic reticulum (ER) for completing polypeptide synthesis (5, 6) . The signal peptide, typically 15-30 amino acids long and consisting of [15] [16] [17] [18] [19] [20] hydrophobic amino acid residues, is cleaved off during translocation across the membrane. While some proteins without an N-terminal signal peptide can be found in the ER and the Golgi, over 90% of human secreted proteins (7) and 90% of the Aspergillus niger extracellular proteins identified by mass spectrometry contain classical N-terminal signal peptides (8) . There are also examples of nonclassically secreted proteins in fungi, including the Saccharomyces cerevisiae mating pheromone a-factor (9) and two galectins from Coprinus cinereus (10), but it is generally believed that the vast majority of secreted fungal proteins are processed by the classical secretory pathway (8) .
The term secretome is often used to refer to the complete set of secreted proteins in an organism (2, 11, 12) . However, the term has also been used to include the set of proteins involved in the secretory pathway (13, 14) . In the work described here, the secretome only includes the secreted proteins in an organism. Along with an increased number of species having genomes being completely sequenced, we see an increased number of publications on fungal secretome identification and analysis using both computational and experimental approaches (15) . For example, secretomes have been reported in following fungi including A. niger (8) , Candida albicans (16), Phanerochaete chrysosporium (17), Sclerotinia sclerotiorum (18), Fusarium graminearum (19) and Ustilago maydis (20) . Considering the biological importance of secreted proteins and their potential industrial applications, we developed a knowledgebase of fungal secretomes for identification, annotation and curation of both computationally predicted and experimentally identified fungal secreted proteins. This knowledgebase is designed to serve as a central portal for providing as well as collecting information on fungal secretomes.
Data collection and database implementation
The fungal protein sequences were retrieved from the NCBI Reference Sequence collection (RefSeq) database (release April, 2010) (http://www.ncbi.nlm.nih.gov/RefSeq/). The rational for choosing the RefSeq protein data set was that RefSeq provides a comprehensive, integrated, nonredundant, well-annotated set of proteins and also the corresponding nucleotide sequences were also linked for these protein sequences in their database (21) . The data in the fungal secretome knowledgebase (FunSecKB) were obtained from the following three sources: (i) the features predicted using computational approaches; (ii) subcellular locations annotated in UniProtKB; and (iii) our manual curation with experimental evidence obtained from recent literature.
Computational methods for prediction of secreted proteins
The fungal protein sequences downloaded from the NCBI RefSeq database were processed using the following programs including SignalP (version 3.0, http://www.cbs.dtu .dk/services/SignalP/) (22) , Phobius (http://phobius.binf.ku .dk/) (23, 24) , WolfPsort (http://wolfpsort.org/) (25, 26) and TargetP (http://www.cbs.dtu.dk/services/TargetP/) (27) , for signal peptide and subcellular location prediction. We chose these four predictors because they were previously evaluated favorably and widely used by the fungal secretome research community (8, 16, 28) . TMHMM (http://www .cbs.dtu.dk/services/TMHMM) was used to identify proteins having transmembrane domains (29) and PS-Scan (http:// www.expasy.org/tools/scanprosite/) was used to scan ER targeting sequence (Prosite: PS00014) (30) . With each of the programs, the default parameters for eukaryotes or fungi were used. For SignalP prediction, only entries that were predicted having a 'mostly likely cleavage site' by SignalP-NN algorithm and a 'signal peptide' by SignalP-HMM algorithm were considered to be true signal peptide 'positives', using the N-terminal 70 amino acids (22) . For predicting membrane proteins using TMHMM, the entries having membrane domains not located within the N-terminus (the first 70 amino acids) were treated as real membrane proteins. Protein sequences predicted to have a signal peptide by SignalP were further processed using FragAnchor to identify the glycosylphosphatidyinositol (GPI) anchors (http://navet.ics.hawaii.edu/fraganchor/ NNHMM/NNHMM.html) (31) . Protein sequences predicted as having a GPI anchor may be attached to the outside of the plasma membrane or may be secreted to be targeted to the cell wall (32) .
We recently performed the accuracy evaluation of the computational methods, using 241 experimentally identified secreted proteins and 5992 non-secreted proteins in fungi that were retrieved from UniProt/Swiss-Prot data set, and found that the highest prediction accuracy (92.1% in sensitivity and 98.9% in specificity) was achieved by combining SignalP, WolfPsort and Phobius for signal peptide prediction, TMHMM for eliminating membrane proteins, and PS-Scan for removing ER targeting proteins (28) . Thus, the secretomes defined in this study include the manually curated secreted proteins along with the proteins predicted as having a signal peptide at their N-terminus by SignalP and Phobius and with a subcellular location predicted as extracellular by WolfPsort, but not having a transmembrane domain or an ER targeting signal. The information provided by TargetP and fragAnchor were also included in the annotation which may be useful for identifying mitochondrial targeted proteins or GPI anchored membrane or cell wall proteins. An overview of the database's features are shown in Figure 1 .
Linking RefSeq proteins to UniProtKB annotation
The fungal protein entries in FunSecKB are linked to the UniProtKB using the mapping information generated in UniProtKB (ftp://ftp.uniprot.org/pub/databases/uniprot/cur rent release/knowledgebase/idmapping/) (33) . We also integrated the subcellular location information of fungal proteins annotated in UniProtKB including curated (reviewed, from the UniProtKB/Swiss-Prot data set) and predicted (unreviewed, from the UniProtKB/TrEMBL data set). In addition, we also included manually curated protein entries in UniProtKB/Swiss-Prot data set which could not be mapped to entries in the RefSeq database. source to support the annotation. After our curator's validation, these data will be incorporated into the database. Currently we have manually curated more than two hundred secreted proteins from A. niger (8) . Manual curation is an ongoing process, thus additional secreted proteins will be manually curated and integrated into the database with time.
Manual curation and community annotation
The information from the above three sources are integrated in the annotation ( Figure 1 ). The annotated entries are linked to the RefSeq database in NCBI and UniProtKB as well as related literature for entries manually curated by our curators or the community. The data will be updated when a new RefSeq data set is released from NCBI (http:// www.ncbi.nlm.nih.gov/RefSeq/).
Data access
FunSecKB can be accessed through the database web interface at http://proteomics.ysu.edu/secretomes/fungi.php. There are three approaches to accessing the data including: (i) search individual proteins using NCBI's RefSeq gi or accession number, UniProt accession number, keyword or by species; (ii) search or download the whole secretome or a subset of manually curated secreted proteins of a species and (iii) search all fungal proteins or fungal secreted proteins using BLAST.
The annotation page contains the summary and the details of subcellular locations predicted by the tools mentioned above and annotation retrieved from UniProtKB. Each entry is linked to both RefSeq and UniProtKB. The secretome, including predicted and curated secreted proteins from a particular species, can be searched and downloaded by selecting a species from the species list for complete genomes or inputting a species name for others not having a complete genome. The protein sequences of the secretome from a species can be downloaded into a fasta file. Manually curated secreted proteins consist of proteins retrieved from UniProtKB/ Swiss-Prot with subcellular locations labeled as 'reviewed' and proteins curated by our curators and the users. The proteins curated by us and by the community are supported by experimental evidence for their subcellular location annotation and the related literature can be found on the same page. The annotation page also contains the primary protein sequence (Figure 1 ). The database interface provides a link to the BLAST input interface to search through the proteins retrieved from RefSeq: either all fungal proteins or just the fungal secretomes.
Preliminary data analysis
Currently FunSecKB contains a total of 478 073 fungal protein sequences including 23 878 predicted and/or curated secreted proteins from a total of 118 fungal species. This includes 52 fungal species, with one species having two different varieties, having a complete predicted proteome set. External Links Figure 1 . Overview of FunSecKB. To search the database users can enter NCBI RefSeq gi or accession number, UniProt accession number, keywords or species. The database consists of information generated using seven prediction tools and subcellular location annotated in UniProtKB and our own manual curation. Users can browse through the results using the web user-interface. Links to external databases and resources are also provided for further exploration. Whole secretome sequences can be downloaded and BLAST utility can be accessed from the database interface. (Table 1) . Overall, predicted secretome sizes increase with expanded proteome sizes in fungal species (r = 0.83) (Figure 2b ). We further identified GPI-anchored proteins in the predicted secretome, which represent insoluble portions of secreted proteins that are components of cell walls or attached to the outside of cell membrane. We see that both insoluble and soluble portions are increased with increased proteome size in different fungal species (Figure 2c and 2d) .
The functional categorization of predicted secretomes was analyzed using the rpsBLAST tool in the NCBI BLAST package to search the conserved domain database (35) . The highly encoded secreted protein families having more than 50 members in the whole database are listed in Table 2 . Preliminary functional analysis revealed that the fungal secretomes largely consist of enzymes, particularly hydrolases, which are used to breakdown carbohydrates, lipids, proteins and all other types of organic materials by fungi (Table 2) . Furthermore, a total of 10 397 secreted proteins have GO annotations in UniProtKB. Among them, molecular functional classification using GOSlimViewer (http:// agbase.msstate.edu/cgi-bin/tools/goslimviewer_select.pl) showed 43% were hydrolases including peptidases ( Figure 3) (36) . These enzymes have potential applications in biofuel production. The database user interface features an easy to use option to download predicted secretomes from completely sequenced fungal species. This provides a resource for further detailed species specific or interspecies comparative analysis.
Discussion
While constructing our database, a similar fungal secretome database (FSD, http://fsd.snu.ac.kr/) was published by Choi et al. (37) . However, there are several important differences between the two databases (Table 3) . We used RefSeq data while the FSD used only completely sequenced fungal genome data including some 'work in progress' genomes (37) . The prediction methods used for identification of secreted proteins were also different. The FSD used a three-layer hierarchical identification rule based on 9 different programs and considered entries to be secreted proteins as long as any one of the tools predicted it to be secreted, thus the number of secreted proteins were much higher than the number predicted in our database. For example, in A. niger, we predicted 832 secreted proteins in the strain CBS 513.88, while Choi et al. (37) predicted 1831 secreted proteins in the same strain and 2616 secreted proteins in the ATCC1015 strain in the FSD (37). However, there were only from 691 to 881 proteins which were predicted to be secreted, with 160 of them being confirmed experimentally in the ATCC1015 strain by Tsang et al. (8) . Thus, we believe the methods used in the FSD significantly over-estimated the number of secreted proteins in fungi. In addition, the search for the FSD is limited to using the sequence locus name and can not be searched with NCBI gi and accession number, UniProt accession number or keywords. There is also not a curation tool available for the community annotation in FSD (37) .
In addition to the signal-peptide dependent secreted proteins using the classical ER-Golgi secretory pathway, there are non-classical, signal peptide independent, secretory pathways in all domains of organisms. Mammalian and bacterial leadless secreted proteins have been collected and used to implement the prediction software, SecretomeP, for predicting these proteins (http://www.cbs.dtu.dk/services/SecretomeP/) (38, 39) . The tool has not been trained with fungal-specific data and the accuracy for predicting fungal non-classical secreted protein could not be evaluated, thus we did not include this tool in our data processing. Although the FSD used SecretomeP to predict nonclassical secreted proteins, the predicted secreted proteins were not included in the secretome analysis; including them would make the putative secretome >40% of whole proteome (37) . Nevertheless, the FunSecKB and the FSD databases could complement each other as different data sources, prediction tools and data access utilities were implemented.
In summary, we constructed FunSecKB to identify, annotate and curate the secreted proteins in fungi. The data can be searched using protein identifiers or keywords, and by species. Most of the secreted proteins are currently predicted by computational tools. However, the community can use the curation module implemented in our site to manually curate subcellular locations of fungal proteins having experimental evidence. The resource described in the work is expected to provide a query and curation system that will help the community to further understand the secretome biology and explore various potential applications of fungal secreted proteins in bio-processing or environmental remediation industries. ..................................................................................................................................................................................................................................................................................... ..................................................................................................................................................................................................................................................................................... ..... Table 1 . 
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